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By William Le\7is, IT. S. Weather 3jireau^ 


SmO^ZAHY 


Observation of the icing zones present in a ^'rarm front 
cloud system T-.'ere made during one of a series of flints 
designed to investigate the meteorological conditions, 
conducive to the formation of ice on aircraft, lliile it is 
realized tha.t it is hazardous to venture general conclusions 
from observations of a single, case, a consistent theoretical 
interpretation of the' observed conditions is believed to 
justify the conclusion that in large areas of uniform 
precipitation in the absence of marked orographic effects, 
the icing zones are limited to the freezing rain area. If any, 
and a shalloir layer of mixed sno'^-’’ and cloud drops just shove 
the freezing level. 


‘ INTRODUCTION 


• The principal meteorological factors ’■.rhicli determine 
icing conditions are temperature, liould f-rater concentration, 
and drop size. To study these factors and their relationship 
to the formation of ice on alrplmes, the Ames Aeronautical 
Laboratory of the Nat ionalr Advisory Committee for Aeronautics 
has equipped a C-46 cargo ' airplane ■'•rith a thermal ice-prevention 
system and pertinent meteorological instrumentation and is 
conducting an extensive flight investigation in inclement 
T-reather. During the phase of this investigation T^hich was 

^This report was prepared by Kr. Lewis in collsb oration 
with the staff of the Ames Laboratory during a period 
of active participation by lir. Lewis in the NACA 
icing research program , . ; ■ • 
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conducted throughout the •i’rinter of 194^!— ^5 i flight made 
In a warm front cloud system* ’-Jhile this particular situation 
was the only well defined waxm front encountered during the 
entire season’s operations ^ it is "believed that it T^as typical 
of vrarm sector cyclones having a large sj^ea of uniform precipi- 
tation* Observations made during this partici^ar flight a.nd 
n discussion of certa.in general aspect s of the problem of 
icing in precipitation areas are presented in this report. 


observations 

The flight Tie scribed herein was made in the warm front 
cloud system which existed over Minnesota, on llarch I5, 19^5* 
Observations made during the flight ha.ve been combined with 
surface and upper air data obtained from the U.S, ■'•’’eather 
Bureau to reconstruct the meteorological conditions existing 
at the time of the flight. Figure 1 is the surface weather 
map for 9:30 a.m. Central Standard Time on I-Carch I5, 19^5* A 
deepening cyclone with an open warm sector vraa centered about 
60 miles southwest of I-:innea,polls , Kinn*, moving east north- 
eastward at about 20 miles per hour ohd de opening a,t shout 
0.6 millibar per hour. Rain was falling over' most of Kinnesota 
with snow north of the Ca,na,dian border. The presence of an 
area of freezing rain below the warm front surface was 
Indico.ted by the observa.tion of sleet (U.S, definition) at~ 
Interne,tional Falls, Ilinn. The average temper, ature and dew 
point of air entering the system in the wa.rm sectur on a line 
from Des l^oines, Iowa, to Chicago, 111., were 59^ and 53° F, 
respectively. This air had the same equivalent potential 
temperature as the air a,t ^000 feet over Duluth, T^lnn. , 
indicating that warm sector air was being lifted over the ■ 
warm front. Precipitation rates were light to moderate, 
avers.ging about O.OS inch per hour over eastern Lfinnesota,. 

The cross section (fig. 2) , showing the structure of 
the warm front cloud and precipitation area, wo.s draT^ from 
da,ta, ta^hen on the flight and Wee,ther Burea.u ra-diosond-e dr.ta 
taken at St. Paul, Kinn. , and International Falls, Kinn. It 
shows the locrtlon of the frontal surface and icing zones, 
and the apyiroximr-.te distribution of temperature. The rva-lio— 
sonde data one shown in figures 3 and 4. The radiosonde . 
observations were mrade at 9 a.m., the surf-rue obeervations 
are for 9:30 .a.m., and the flight obervations covered the 
interval from 6:24 to 11:45 a.m. The” cross "section was 
dro.vm to represent conditions at about 9:30 a.m. 
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The flight bogan at p,.m. A layer of Io^.t scud 

clouds T'Tith tops boloiT 2500 foot Tfas encountered just after 
take-off, and another cloud layer extended from 35 OO to 5000 
feet altitude. The airplane was between cloud layers from 
5000 feet to 9^00 feet in steady rain.' The freezing level 
was reached at an altitude of 9200 feet and by 95^0 feet 
the rain had. turned to snow. From 9,500 feet to 19,000 feet 
the oJLr was uniformly full of falling snow. No liquid water 
was present and no icing occurred. climb was terminated 

at rn adtitude of 19,000 feet a,t 9*20 a.m. The elevation of 
the* top of -the snow cloud is unknoT-m and the presence or 
absence of a layer of liquid water drops in the ' top of the 
cloud- formation could not be determined. The temperature- 
height curve for this port of the flight is shox’m in figure 5 

The airplane then descended to an altitude of 9000 feet, 
A tra-ce of olea,r ice, the first noted on this flight, was 
picked up at 9700 feet at an indicated frce-a.ir temperature 
of 31° F ( 29 ° F static). At 90 OO feet the indicated tempera- 
ture was 33° F, (31° F static) and the ice melted off. 
Although the sta.tic teiSporature was below freezing, kinetic 
heating, due to the speed of the a.irplane, prevented the 
formation of ice at this level. Snow was present and adso 
probably liquid water drops but they could not be identified. 
The airplane was then climbed to 11,000 feet and cruised at 
that level for a little over an hour while tests were made of 
some of the equipment on the airplane. Puring that time no 
ice formed. The indicated tempera-ture wa,s 30° F and steady 
snow continued throughout the period. 

A slow descent was begun at about 11:15 a.m. near Duluth 
Kinn. A trace of ice was observed at 10,200’ feet at an indi- 
cated air tempera-ture of 31.5° F. The static freezing level 
was passed at 9^00 feet and bolovr that point steady rain and 
broken clouds were observed. The descent was continued to 
an aJLtitude of 2600 feet and a static temperature of 33° F 
in an. attempt to find the freezing rain zone. If the data 
used to d.raw the cross section of figure 2 had been available 
on the flight it would have been an easy matter to find 
freezing rain by going a little fo-rther north, but since the 
north— south temperature gradient in the-'Gold air was believed 
to be quite small, and since the entire 'area, v/as warming up, 
the attempt to find freezing rahn wa,s abandoned- and the 
p,irplane returned to Kinneapolls . The teaperatur e-height 
curve for this part of the flight is shox^m in figure 6. 
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DISCUSSION. 

The physical condition required for icing is the presence 
of- liquid Water drops at subfree zing .temperatures. The meteor- 
ological problem, then, is to establish the location and 
extent of zones containing liquid water-drops at temperatures 
below freezing. These zones may be divided into three classes: 
Cl) areas of freezing rain; (2) - clouds composed predominantly 
of water drops, and (3) clouds containing a high concentration 
of snowflakes or- ice crystals together with liquid drops. 

The freezing rain area was not reached on the flight but 
was located on the cross section by inference from the magni- 
tude of the inversion observed near Duluth, and the radiosonde 
and surface observations at International Falls. Since the 
conditions required for freezing rain are generally well under- 
stood and can usually be forecast with fair reliability, only 
the icing zones above the frontal surface will be discussed 
here. v 

According to the Berg-eron-Findeisen theorj^ of the forma- 
tion of precipitation, any large area of continuous precipita- 
tion is characterized by the presence of an abunfiatnce of snow- 
flakes in the region above the freezing level. The coexist- 
ence of water drops and snowflakes for an appreciable time in 
a cloud at below freezing temperatures requires the existence 
of -saturated conditions with respect to liquid water in the 
spaces between the snoxvflakes. Since the saturation vapor 
pressure is greater over water than ov«r ice at temperatures 
below freezing, a condition of supersaturation' must exist x-rith 
respect to ice, causing deposition of vapor on the enow crystals. 
This results in a gradient of vapor pressure in the neighbor- 
hood of each snowflake and diffusion of vapor to the snowflak.es. 
The only way that a condition of saturation x>rith respect to 
liquid water can be maintained at poipts between the snowflakes, 
in spite of the diffusion of vapor to the snowflakes, is by 
continuous-' cooling and consequent lovrering of the saturation 
vapor pressure with respect to both water and ice. This 
cooling is brought about by lifting of the ■ air, and the rate 
of cooling is dependent upon the ver'tlcal component of the 
velocity.' It appears, therefore, that a certain critical 
value ‘Grf vertical velocity exists, as‘ was suggested by 
Dr. Irving Langmuir of the G-eneral Electric Company Research 
Laboratory, which must be exceeded as a necess'ary condition 
for the coexistence of water droplets and snowflakes in a cloud. 
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G?his critical velocity is zero at the freezing level, since 
there the vapor pressures over ice and. water are equal, and 
increases rapidly at temperatures below freezing. 

In a Warm front type of precipitation area such as is 
consid.ered here, a large mass of air is lifted slowly by the 
action of horizontal convergence in the lower levels. This 
lifting is so gradual that the vertical velocities are 
generally much below the critical vsd^ie. The air which moves - 
upward through the freezing level usually contains liquid 
cloud droplets and may have fairly high liquid water content* 
As soon as the freezing level is passed, a depletion of the 
liquid water begins due to diffusion of vapor to the snow- 
flakes, since it is assumed here that snowflakes are present 
in the subfree'Zing_ portion of the cloud system. Thus there 
is found, just above the freezing level, a transition zone 
in which snow flakes and liquid cloud drops exist together 
for a short time as the drops evaporate even though the 
vertioe .1 velocity may be less than the critical value. The 
vertical extent of the transition zone depends on the 
vertical velocity, the initial concentration of liquid water 
in the air as it reaches the freezing level, ond the concen- 
tration of snovrflakes . In this particular case, the observed 
upper limit of the transitional icing zone was $00 feet above 
the freezing level and the static air. temperature at that 
point was 29® This explains the fa,ct that all the icing 

observed on this flight occurred at static air temperatures 
of 29 *^ F or higher. The observed patchy character of the 
icing in the transition zone was probably due to horizontal 
variations in the vertical velocity and in the initial 
concentration .of liquid water. 

In the situation tvhere the air ascending through the 
freezing level does not contain cloud drops, while, at the same 
time frozen precipitation falling through unsaturated air 
approaches (or reaches) the freezing level from aloft, then, 
the transitional icing_ zone does not exist and no icing can 
occur since no liquid water is present at below- free zing 
temperatures. This ’f^'as the case on the first a.scent. Ha.in 
alone, without cloud droplets was present below the freezing 
level and no icing was observed xvhen pa,ssing through the 
freezing level from rain to snow. Liquid water was present 
in this ca.se in the. form of melting snow at temperatures just 
above freezing, but no icing was experienced. It is believed 
tha,t the icing usually attributed to "wet snow" is due to 
liquid Water drops which have been ca.rried up through the 
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freezing level nnd Tihich form a film of freezing water on the 
air pi c»ne surfaces to which the- dry snow'flo.kes ce.n adhere. 

The speed of the airplane is an important fantor in 
reducing the hazard in this kind of an icing zone since the 
temperatures are always only slightly helow freezing. The 
kinetic heating effect prevents the forma,tion of ice in the 
layer Just shove the static freezing level whej^ the liquid 
water conoentrahion is highest. On this flight” the true 
airspeed was about I 60 miles per hour, resulting in a kinetic 
heating effect of about. 2° F in clouds. This reduced the 
maximum depth of the icing zone from ^00 feet to about “300 feet. 
A speed of 200 miles per hour would ha^'e completely prevented 
icing, while if the speed, had been reduced to 100 miles per 
hour, the effective depth of the icing layer would have been 
Increased to JOO feet. - 


Vertical Velocities. 

In order to estimate the likelihood of icing conditions 
being encountered in warm-frontr-type precipitation ai^as at . 
altitudes above the freezing level transition zone, a comparison 
Tfas made of the approximate Value of the critical vertical 
velocity and the velocities likely to occur in a cloud system 
of this type.- ' - _ . 

The icing da.ta. from the Kt. Washington Observatory, li.Ht 
for the vrint-e-r of were used to obtain an estimate of 

the critical vertioal velocity. Since the average Inolinabion 
of the wind at the Observatory is about 20° from the horizontal, 
the existence of a minimum wind velocity for ice formation in 
the presence .of snow oorresponds to the critical vertical 
velocity for the coexistence of liQ.uid drops md snow. All 
cases of observations during periods of snoxffaXl wero plotted 
on a graph of .wind velocity versus, temperature^ (See fig. J») 
The cases in which measurable icing was recorded were plotted 
as crosses end those without icing a,s circles. _ A scale of 
the vertical component of wind velocity was' constructed based 
on an average inclination of 20'^. These data, are not very 
well distributed to establish the critical vortio.aj. velooity 
since average winds on Mt, ''Washington have vertical components 
much higher than, the critical value, . It is significant, hovrever, 
that there were no cases of measurable icing with vertical wind 
components loss than k-^0 feet per minute although there were 
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22 observations, •^•rith vertical wind components below 4-50 feet 
per minute without icing. From these facts it me;/ be 
inferred that vertical-velocities of , the order of 4-00 feet 
per miuute or more are required for the continued existence ‘ 
of liquid cloud drops in the presence of moder.ate snow at 
temperatures appro cinbly below freezing. 

The p,pproximate value of the actual vortical velocities 
likely to occur in warm-f ront-type precipitation areas may 
be estimated from the horizontal divergence of the -^-rind 
velocity or. from the rate of precipitation. In reference 1 
it is shoi'm that a mem horizontal, divergence of 10 ”® per 
second between sea level and 10,000 feet produces a vertical, 
velocity of 3.5 centimeters per second ( 6.9 feet per minute) 
a,t the 10,000-foot level. In the weather map of 0630 G-CT, 
March 31, -194-5, which is presented s,s an example in 
reference 3, g. warm-front precipitation area similar to the 
one discussed in this report covers the area embracing 
Indiana, Ohio, and Lake Erie. Also presented in reference 1 
are charts, based upon pilot balloon data, depicting the 
distribution of horizontal divergence at ^,000 feet and 
10,000 feet for 04-00 GOT, March 31, 194-5, The values of 
divergence, as shovm by these charts for the area of _ • 
Indiana^^ Ohio, and Lahe Erie, fall in the range from 10 ® 
to 4-xlO ® per second corresponding to vertical velocities 
from 7 to 2^5 feet per minute at 10,000 feet. \iJhile it is 
realized that there may be considerable differences in 
vertical velocity in different w.arm-front precipitation 
areas, these data should at least siiggest the order of 
magnitude to.be expected in such situations. 

Reference 1 also includes a calculation of the vertical 
velocity required to produce the observed precipitation rate 
in a general precipitation area,. It was found that the 
average vertical velocities over an area I 50 miles square , 
apparently ranged from 1 centimeter per second to at least 
15 centimeters per second (2, to 30 ft per min ). Since 
these t"o calculations give results of the- same order of 
magnitude, it would appear reasonable to accept these values 
as typical, for warm-front precipitation areas. On the basis 
of these considerations, a vertical velocity of 50 feet per 
minute has been selected as a probable me.x;imum to be expected 
in a warm-front precipitation area. 

Comparison of the probable a.ctual. vertical velocity with 
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the critical velocity as determined from the Mt. I'Tashington 
data shovrs that the critical velocity is much larger ’tha<n the 
actual velocity. It f-ollo\\rs, therefore, that stable, precipi- 
tating, varm-front-type cloud systems do not in general contain 
iliLqui'd t-.ra.ter drops at below freezing tempera ture-s except in 
the immediate vicinity of the freezing level. 

This conclusion supports the theoretical^ model of the 
precipitating stratoform cloud structure proposed by Findeisen 
(reference 2) rather than that given by 3ye-rs (reference 3) 
which includes s," large region of mixed water drops and snow 
crystals above the we,rm front surface giving rise to- the 
supposition ths.t severe io'ing conditions exist within this 
region. The observations made on this _ flight and the theory 
given here to interpret them do not support’, in fact directly 
contradict, the Byers model. Further observations are desir- 
able to determine the validity _of- this model since it- has been 
used as a basis for the discussion of icing in recent text 
boohs in meteorology. 


CONCLUDING REI'iAHICS 

vrhile it is realized that , it is hazardous .to draw 
conclusions from ^obser%’’at ions of a single oase, thC consistent 
theoretical interpretation of the observed. conditions is 
believed to justify the following generalization: 

In large areas of uniform precipite.tion in the absence 
of majfhed orographic influences, the icing zones are limited 
to the freezing rain area, if any, and a shallow layer of 
mixed snow and oloud drops just above the freezing level. 


Ames Aeronautical Labora.tory 

National. Advisory Committee For Aeronautics 
>Ioffett Field, Calif Jime 19^7. 
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Fig. 1 
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Fig. 7 



HQUHE 7. - MOUNT VVASHIN^TON ICING OBEERVATIOSS DURING SNOWAAU. 











